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Synthetic jetAbstract The evaluation indicator for the performance of a synthetic jet actuator (SJA) is well-
deﬁned because of its various applications, which require optimal design to improve its performance
and extend its ﬁeld of application. This paper presents a novel approach to the optimal design of an
SJA applied to enhance fuel/air mixture. It optimizes the combination of an actuator’s geometric
parameters by selecting the strength of vortex pairs as the evaluation indicator, coupled with
orthogonal experiments and analysis of variance (AOV). The results indicate that slot width is
the most notable factor inﬂuencing the strength of vortex pairs, followed by cavity height and slot
depth. The optimal value of the strength of vortex pairs increases by 32.5% over the experimental
data of the base case, and more than 8.4% compared with the simulation results of the orthogonal
experiments. It is concluded that the optimal method can effectively improve the performance of an
SJA applied in mixing enhancement, reducing the test numbers and the associated design cycle and
cost.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
With the advantages of a compact structure, requiring no ﬂow
supply and moving mechanical devices, low energy consump-
tion and fast time response,1,2 synthetic jet actuators (SJAs)
are widely recognized as offering signiﬁcant potential as
practical ﬂow control actuators, including control of ﬂow
separation,3,4 aerodynamic force,5–7 jet vectoring,8–10 noisesuppression,11,12 mixing enhancement,13–15 augmenting heat
and mass transfer.16–18 Therefore, SJAs have become an active
topic of recent research in the community of aeronautics and
astronautics.
The performance requirement of an SJA differs according
to its various applications, and it needs to select appropriate
indicators to evaluate its performance. It is important to carry
out optimal design of an application-oriented SJA to improve
its performance. Rathnasingham and Breuer19proposed a
zero-dimensional model (dynamic incompressible model) for
a resonant actuator. With this model, they found an optimal
operating Stokes number for the actuator, at which the maxi-
mum jet velocity was generated for a given power input. How-
ever, the model was only capable of predicting the magnitude of
jet velocity which qualitatively agreed with the measurement.
The basic concept in the above model was later adopted by
Lockerby and Carpenter,20 who developed a one-dimensional
Fig. 1 Schematic of an investigated SJA.
A novel optimal design for an application-oriented synthetic jet actuator 515model (static compressible model). They studied the effect of
geometrical parameters and the driven frequency on the per-
formance of an actuator, and acquired an optimal magnitude
for peak jet velocity which was predicted over the experimental
counterpart. By representing a speaker-driven actuator with an
equivalent electrical circuit, McCormick21 employed the
lumped-element method (LEM) to analyze the characteristics
of SJAs. This method was further developed by Gallas
et al.22–24 to establish the model of a piezoelectric SJA by
introducing an electro-acoustic transforming factor. They
obtained an optimal combination of oriﬁce diameter, depth
and cavity volume based on two objective functions, i.e., the
integration of jet velocity over a frequency range and the jet
velocity at a speciﬁc frequency. Oyarzun and Cattafesta25 opti-
mized oriﬁce sizes using LEM in conjunction with MATLAB
optimization toolbox, and performed corresponding veriﬁca-
tion with numerical simulations and experiments.
Synthetic jets are observed to spread faster and decay more
rapidly than the continuous jet under same conditions, which
indicates that synthetic jets are capable of mixing enhance-
ment. A piezoelectric SJA with a cavity–diaphragm setup is
a coupled system consisting of an electromechanical domain
in the form of the vibrating diaphragm, and a ﬂuidic/acoustic
domain in the form of the resonant cavity, causing strong non-
linearity. Therefore, it is difﬁcult to build an exact model. The
three aforementioned models of an SJA merely predict the
space-average velocity at the exit, or other physical quantities
derived from it, which do not consider the exit velocity proﬁle
and cannot describe the characteristics of synthetic jets, such as
the formation and convection of vortex structures, strength
and distribution of vortex pairs. Accordingly, they are not
properly used to execute optimal design for an SJA applied
in mixing enhancement, which is evaluated using the strength
of vortex pairs. Brieﬂy, optimal methods based on the exit
jet velocity models are not suitable considering the limitations
in selecting evaluation indicators appropriate to the applica-
tions. However, numerical simulations, generally used to ana-
lyze ﬂow-ﬁeld features, can provide profound insights into ﬂow
ﬁeld, and are thus helpful in carrying out an optimal design for
an SJA based on diverse evaluation indicators.
Because of the drawbacks of the above optimal methods
and high cost of manufacture and testing, a novel approach
to the optimal design of an application-oriented SJA with
numerical simulations is proposed, and is then validated to
be efﬁcacious and feasible compared with particle image veloc-
imetry (PIV) experiments.
2. Computational analysis
2.1. Choice for geometrical parameters
The overall performance of an SJA is dependent on its internal
geometric conﬁguration (i.e., slot depth and width, and cavity
volume), and how much volume is swept inside the cavity. The
latter is related to how the diaphragm is driven (e.g., power
and driven frequency applied on the vibrating diaphragm).
Moreover, the ﬂow-ﬁeld features (e.g., Reynolds number and
Strouhal number), as well as intensity and thickness of vibrat-
ing diaphragm, also have an impact on synthetic jets.
A typical piezoelectric SJA consists of a small cavity with a
vibrating diaphragm and a slot on two sides. The independently
geometrical parameters of the investigated SJA includeequivalent cavity diameter D and height H, slot depth h and
width a in a two-dimensional plane, as shown in Fig. 1. Corre-
spondingly dimensionless parameters are deﬁned as follows:
p1 ¼ H=D
p2 ¼ h=D
p3 ¼ a=D
8><
>: ð1Þ
where p1 is dimensionless cavity height; p2 is dimensionless slot
depth; p3 is dimensionless slot width.
In this paper, considering the allowable space for installing
an SJA and appropriate comparisons with existing data, the
equivalent cavity diameter determined by the diameter of
vibrating diaphragm is a constant at 50 mm, and the remaining
dimensionless parameters to be studied are p1, p2, and p3. In
addition, a practical SJA should work at its optimal level with
greater efﬁciency and minimal electric power consumption. As
a result, the electrical control factors including the excitation
amplitude and the driven frequency (approximating to the
Helmholtz resonance frequency of the cavity) are adjusted to
prior values and no longer varied.
In summary, the collective expression for the geometrical
parameters is (p1, p2, p3). Several constraints on factors must
be considered to make sure that the optimal result is physically
achievable, for instance, HP a, that is p1P p3.
2.2. Analysis of evaluation indicator
The evaluation indicator of an SJA should be properly selected
to represent its performance. At present, it is a key to efﬁ-
ciently combusting the fuel and improving the performance
of ramjet engines by enhancing fuel/air mixture. Fortunately
the capability of synthetic jets to enhance fuel/air mixing has
already been validated using numerical simulations13and
experiments.26 The main task for this study is to execute an
optimal design for an SJA to enhance fuel/air mixture.
The formation, advection and mutual interactions between
trains of unsteady vortex pairs are the essential feature of a
synthetic jet, which make the strength of vortex pairs an
appropriate parameter for determining the degree of mixing
enhancement. The impact domain of synthetic jets for mixing
enhancement is not only associated with single vorticity, but
also inﬂuenced by the distribution of vortex pairs. Thus, the
evaluation indicator must be selected to represent the mutual
516 X. Deng et al.interactions and impact domain of vortex pairs, not merely the
single vorticity.
For the ﬂow ﬁeld generated by an SJA, the vortex pairs are
symmetrical with the same vorticity level but reverse orienta-
tion, and can be deemed to be dual vortices similar to a dipole.
According to the expression for the dipole strength (Eq. (4)),
the larger the dipole strength, the wider its impact domain,
and thus the better the mixing effect. Assuming the analogy
of the dipole strength, the strength of vortex pairs is deﬁned
as the product of the maximum vorticity and the distance
between their vortex cores, expressed by Eq. (6). Furthermore,
Eq. (6) can also be explained as the moment of dual vortices
similar to the moment of dual forces in mechanics. It is mean-
ingful for the deﬁnition to characterize the impact domain of
the vortex pairs of synthetic jets, which is a signiﬁcant factor
to inﬂuence fuel/air mixture. Consequently, the above deﬁni-
tion of the strength of vortex pairs is a more appropriate eval-
uation indicator to represent the effect of synthetic jets on
mixing enhancement than other factors such as circulation,
mass ﬂux, and momentum ﬂux.
j ¼ dK ð2Þ
H ¼ lXmax ð3Þ
where K is the strength of a point source; d denotes the central
distance between the dipole; Xmax is the maximum vorticity
downstream; l is the corresponding distance between vortex
cores; j, H are deﬁned as the strength of dipole and vortex
pairs, respectively (see Fig. 2).
2.3. Determination of computational conditions
Synthetic jet is a fully pulsatile jet that is synthesized from the
formation and interaction of vortex pairs due to a time-peri-
odic alternating pressure drop across an exit (e.g., by acoustic
waves or by the motion of a piston or a vibrating diaphragm).
To conduct an optimal design of an SJA for mixing enhance-
ment, it is essential to accurately describe the vortex pairs using
computational models.
The RNG k-e model has been proved to behave satisfacto-
rily on simulating impingement jets, separated ﬂow, secondaryFig. 2 Schematic diagram of the strength of vortex pairs.ﬂow and rotational ﬂow. Tang and Zhong27 compared 2D sim-
ulation results based on four turbulent models, i.e., the standard
k-e, RNG k-e, standard k-x and Reynolds stress model (RSM)
with PIV experimental data, concluding that the RNG k-e
model and standard k-x model outperformed other turbulent
models. In addition, with the RNG k-e model, good agreement
was achieved between the computation results and the hot-wire
measurements in velocity magnitude at the center of exit plane.
Luo28 also found that the computational results of the RNG k-e
model were in reasonable agreement with the PIV experimen-
tal data on the strength and distribution of vortex pairs in a
cycle, except for a small time delay in the PIV measurements.
He argued that the RNG k-e model was capable of predicting
the generation of vortex structures downstream of synthetic
jets, especially the formation, strength and distribution of
vortex pairs. The feasibility of the model was quantitatively
veriﬁed with comparisons between simulation results and
PIV experimental data in Section 4.
The 2D computational domain was 200 mm · 400 mm. The
grids were reﬁned in the cavity, near the wall, along the jet
direction and in the vortex built-up area. The outﬂow bound-
ary condition was set at the end of the outer region because of
the uncertainty in the velocity and the pressure. The most cru-
cial part in the numerical simulation of synthetic jets was how
to model the vibrating diaphragm. This study directly treated
the velocity of ﬂow close to the vibrating diaphragm as an
incoming-ﬂow condition of a simply connected domain, which
represented the situation realistically enough. This method
ignored the effect of the moving boundary induced by the
vibrating diaphragm, and sequentially a computational model,
X-L model, was established for the entire ﬂow ﬁeld including
the actuator cavity deﬁned as:28
uAðr; tÞ ¼ 2pfAm  1
r2
R2
 
 sinð2pftþ U0Þ
vAðr; tÞ  0
8<
: ð4Þ
where uA and vA denote axial velocity and radial velocity at an
arbitrary point on the vibrating diaphragm marked with A,
respectively; f is driven frequency, and Am represents the
amplitude subjected to a given voltage at the center of vibrat-
ing diaphragm with the radius of R, r is the distance to the dia-
phragm center, U0 represents the original phase.
Experimental results indicated that the maximum velocity
at the exit was in the order of 20 m/s (Ma< 0.1), which meant
the assumption of incompressible ﬂow was reasonable for set-
ting a velocity inlet boundary condition. Combining the mea-
sured amplitude of the vibrating diaphragm and the driven
frequency, the velocity inlet boundary condition was given
by Eq. (5). Excluding the outﬂow and the velocity boundaries,
other boundaries were treated as no-slip walls, as illustrated in
Fig. 3. In addition, enhanced wall treatment was adopted for
the base of the two-layer model with two sub-domains: a vis-
cosity affected region and a fully turbulent region.
uAðr; tÞ ¼ 1:5 1 r
2
ðD=2Þ2
 !
 sinð1000ptÞ
vAðr; tÞ  0
8><
>: ð5Þ
The characteristic parameters of a synthetic jet include
dimensionless stroke length L0/(p3D) and Reynolds number
based on a velocity scale depicted as:
Fig. 3 Computation mesh domain and boundary conditions.
Table 1 Geometrical factors and levels.
Geometrical factor Level
1 2 3 4
p1 0.06 0.10 0.14 0.18
p2 0.04 0.06 0.08 0.10
p3 0.01 0.02 0.04 0.06
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Z T=2
0
u0ðtÞdt ð6Þ
ReU0 ¼ p3U0D=m ð7Þ
where U0 is the average velocity at the slot exit during the
expulsion stroke; L0 is the distance that a synthetic jet travels
away from the exit during the ejection portion of the cycle;
u0(t) is the centerline velocity at the exit, and m is the kinematic
viscosity of the ﬂuid.
According to the theory of compressible gas and the veloc-
ity boundary condition (described as Eq. (5)), as well as the
deﬁnition of Reynolds number characterizing a synthetic jet,
ReU0 is a constant at 3.77 · 10
6 (belonging to the turbulence),
even if U0 and L0 varied with the u0(t).
3. Experimental analysis
3.1. Orthogonal experiment
The design of the orthogonal experiment is a method for
arranging and analyzing multi-factor tests referred to an
orthogonal table. Although it chooses partial cases for testing,
it can give comprehensive insights into full tests, thus substan-
tially reducing the test numbers with no effect on the optimal
analysis of the combination of parameters.
Because of the incompressibility of ﬂow, the exit jet velocity
is deduced to depend on the relative volume swept by the dia-
phragm DV/V, and thus larger cavity height causes a smaller
exit jet velocity, as well as a lower vorticity of vortex pairs
for the same slot width; that is to say, the cavity height tends
to be a low value. Simultaneously, cavity height and slot width
must satisfy the expression p1P p3 stated in Section 2.1. For
incompressible ﬂow, the maximum vorticity inversely varies
with the slot width (roughly equal to the distance between
the vortex cores), and thus their product (deﬁned as the evalu-
ation indicator) may reach a maximum value with a moderatelevel of the slot width. Moreover, as the slot width decreases,
the thickness of the viscous layer within the slot duct grows
and eventually ﬁlls the entire duct. If the slot width further
decreases, the ﬂow will become choked and the outgoing mass
ﬂow from the slot will reduce. For the slot depth, there are two
effects acting on the ﬂow traveling through the slot, which are
important in understand how the velocity behaves with
increasing slot depth. On one hand, the longer the extension
of the tube, the bigger the damping effect on the ﬂow curva-
ture. This has an acceleration effect on the ﬂow. On the other
hand, the boundary layer displacement thickness grows with
length increasing, because of the shear action of the slow ﬂuid
moving near the wall and the fast moving ﬂow in the core,
which results in slowing down the core ﬂow and reducing the
peak velocity and the vorticity. There should be a compromise
between these two effects in reaching an optimum. Brieﬂy, the
three parameters are limited within their corresponding range,
and thus an optimal combination needs to be found to obtain
the maximum value of the evaluation indicator, as well as the
best performance of an SJA for enhancing fuel/air mixture.
As mentioned above, in the orthogonal experiment the
range of each dimensionless controllable factor was deter-
mined as follows, cavity height p1 2 [0.06, 0.18], slot depth
p2 2 [0.04, 0.1], and slot width p3 2 [0.01, 0.06]. To conﬁrm
the feasibility of the proposed optimal method, only four iso-
metric levels were selected in each range, as listed in Table 1.
According to the design principles of the orthogonal exper-
iment, an orthogonal experiment table L16(4
3) was selected (see
Table 2). Numerical simulations were then implemented
for each case using the same turbulent model and boundary
condition settings. The vorticity contour was analyzed at the
non-dimensional time t* = 0.5 (expressed as t* = t/T  N 2
[0,1]) when the vortex pairs had propagated for one quarter
of the vibrating cycle (T), covering the effect of advection
and dissipation of vortex pairs. The variables of Xmax and l
were extracted to calculate H using a MATLAB program.
Some comparisons were also made between the simulation
results and PIV experimental data on the evaluation indicator.
3.2. Analysis of variance (AOV)
The AOV is applied to test the signiﬁcance of two or more
samples and thus to verify whether the sample mean is derived
from the same totality. It is a statistical analysis method that
divides total variation into the corresponding parts of each
variation source, and then ﬁnds the relative signiﬁcance of
each variation to determine the impact of controllable factors
on the evaluation indicator.
Some of the predeﬁned variables are as follows: p is the
number of controllable factors, there are mj levels for the jth
factor, each level is tested c times; n denotes the total number
Table 2 Orthogonal experiment table L16(4
3).
Case p1 p2 p3 l (mm) Xmax (1/s) H (m/s)
Basis 3 3 3 2.8a 12232.3a 34.2504a
3 3 3 2.87b 11409.5b 32.7453b
1 1 1 1 0.5 28413.1 14.2066
2 1 2 2 1.0 18556.5 18.5565
3 1 3 3 2.4 13702.2 32.4707
4 1 4 4 3.4 11788.1 40.0336
5 2 1 2 1.0 18534.1 18.5341
6 2 2 1 0.5 28137.7 14.0689
7 2 3 4 3.4 11087.2 37.6532
8 2 4 3 2.0 13503.2 27.0064
9 3 1 3 2.4 13975.5 33.1183
10 3 2 4 3.0 11091.3 33.2739
11 3 3 1 0.5 28283.9 14.1420
12 3 4 2 1.0 18472.3 18.4723
13 4 1 4 2.2 11499.1 25.2980
14 4 2 3 2.4 13972.1 33.1102
15 4 3 2 1.0 19063.2 19.0632
16 4 4 1 0.5 28414.7 14.2074
Optimal 1 3 4 3.8a 11734.6a 44.5929a
1 3 4 3.94b 10901.9b 43.3896b
Note: adenotes simulation results; bdenotes PIV experimental data.
Fig. 4 Tendency chart of each factors effecting on the strength
of vortex pairs.
Table 3 Results of AOVc.
Source df SS MS F P
p1 3 23.49 7.83 0.43 0.739
p2 3 19.71 6.57 0.36 0.784
p3 3 1122.30 374.10 20.53 0.001
Error 6 109.35 18.22
Total 15 1274.85
Note: AOVc is based on general linear model (GLM).
518 X. Deng et al.of tests; the indicator value for each case is marked as x1,
x2, . . . , xn, and K1, K2, . . . , Kmj respond to the sum of each level
of the jth factor with respect to testing times c. In addition, we
deﬁne:
K ¼ K1 þ K2 þ . . . þ Kmj
U ¼ 1
mjc
K2
W ¼
Xn
i¼1
x2i
Q ¼ 1
c
Xmj
i¼1
K2i
8>>>>>><
>>>>>>:
ð8Þ
Square sum of variance ðSSÞ SSj ¼ QU ð9Þ
Degree of freedom ðDOFÞ dfj ¼ mj  1 ð10Þ
Total square sum SST ¼WU ð11Þ
Total DOF dfT ¼ n 1 ð12Þ
Square sum of error SSe ¼ SST 
Xp
j¼1
SSj ð13Þ
DOF of error dfe ¼ dfT 
Xp
j¼1
dfj ð14Þ
Mean square value ðMSÞMSj ¼ SSj
dfj
ð15Þ
Mean square value of error MSe ¼ SSe
dfe
ð16Þ
F-ratio Fj ¼ MSj
MSe
ð17ÞP-value means the probability of F< Fj in F-distribution:
Pj ¼ FðFjÞ ¼
Z Fj
0
fðFÞdF ð18Þ4. Results and discussions
The statistical quantities are acquired using Eqs. (8)–(18) and
are shown in Table 3 through which we can determine which
factor is obviously related to the indicator value. In Table 3,
SS represents the relative signiﬁcance of each factor, which
has the same meaning as the comparison of P-value with con-
ﬁdence level a, that is, slot width is the most signiﬁcant of the
controllable factors.
The results of AOV indicate that the order of the parame-
ters inﬂuencing the strength of vortex pairs is slot
width > cavity height > slot depth, which is in agreement
with the conclusion of the range analysis deduced from the ten-
dency chart Fig. 4. Moreover, for the given levels of the fac-
tors, the optimal parameter combination is p11 , p23 , and p34 .
Furthermore, according to the above combination of opti-
mal parameters, an optimal SJA was designed and manufac-
tured, as shown in Fig. 5(b). A test was carried out with the
PIV ﬂow-visual system, where the optimal SJA was ﬁxed in
an experimental cabin ﬁlled with smoke to provide tracer par-
ticles with diameter of less than 5 lm (see Fig. 5(a)). To reduce
the time delay, the cycle of a synthetic jet was equally divided
into 36 phase points to represent the evolution of the synthetic
jet. For each phase, the PIV recording was phase-locked to the
SJA driving signal to obtain a phase-averaged velocity ﬁeld
based on 48 acquired images.
Similarly, a simulation validation was performed using the
combination of optimal parameters. The velocity vector map
Fig. 5 Experimental setup and conﬁguration of an optimal SJA.
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tal data were displayed in Fig. 6. The values of the evaluation
indicator from the simulation results and experimental data
were listed in Table 2, and indicated that the errors between
the simulation results and experimental data for the basis case
and the optimal SJA, were about 4.6% and 2.8%, respectively.Fig. 6 Comparisons of velocity vector map and vorticity
contour between simulation and experiment under the combina-
tion of optimal parameters.Therefore, the above simulation method was reasonable and
feasible. After optimizing, the indicator value H increases by
32.5% over the experimental result of the base case, and more
than 8.4% compared with the simulation results of the orthog-
onal experiments.5. Conclusion
The evaluation indicator for the SJA performance must be
associated with its applications. Currently, optimal methods
based on the models, that merely predict the space-average
velocity at the exit, cannot characterize a synthetic jet, espe-
cially the vortex structures. In this sense, a novel method has
been developed to implement an optimal design of an SJA to
improve its performance using numerical simulations.
The conclusions are summarized as follows:
(1) The order of the investigated parameters inﬂuencing
the strength of vortex pairs is, slot width > cavity
height > slot depth, which demonstrates that the
strength of vortex pairs is more susceptible to slot width
than others, and thus the slot width is the primary con-
sideration in designing an SJA applied in mixing
enhancement.
(2) The combination of optimal parameters is a cavity
height of 3 mm, slot depth of 4 mm and slot width of
3 mm. The strength of vortex pairs from the optimal
experiment is in reasonable agreement with the simula-
tion result, within an error of 3%. Moreover, it is clearly
evident from the orthogonal experiments that the opti-
mal strength of vortex pairs increases by 32.5% over
the experimental result of the base case, and more than
8.4% compared with the simulation results of the
orthogonal experiments. This indicates that the pro-
posed optimal design method can effectively improve
the performance of an SJA in mixing enhancement.
(3) The outcome of this investigation is a positive step for
reducing the design cycle and cost, and understanding
how to determine geometric parameters of an SJA to
improve its performance for a speciﬁc application.Acknowledgements
This study was supported by the National Natural Science
Foundation of China (Nos. 11002161, 11372349).
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